In this paper, the design of geometrical shapes of function carriers and their layout in given space is called configuration design. The constraint satisfaction problem in configuration design may be difficult to solve due to the lack of tight constraints and the countless combinations of the layout; a diversity of solutions that satisfy the constraints should be allowed. Therefore, to allow such diversity, we directed our attention to developmental processes in biology and proposed an adaptive-growth-type 3D representation based on evolutionary algorithms. Here, the adaptive-growth-type means the shape expressed in the process, which develops through interaction with an outside environment, like shape generation of a living organism in the natural world. The usefulness of the representation was verified by applying it to the component layout problem in the early stage of satellite design.
INTRODUCTION
All artifacts that surround us are designed to fulfill some tasks and possess the structure of a system with numerous function carriers-functional elements that have physical substances such as modules of a satellite and rooms of a house. By fulfilling the function of each carrier, the artifact functions as a whole. In the design of such artifacts, the design process of forming them plays an essential role. In this research, such a design process is called configuration design, and it is considered to be a process of constraint specification and satisfaction, as stated in Thornton and Johnsoñ 1996! and Michalewicz et al.~1996 !. For example, product specifications define the first constraints on a new design, and the rest of the design process can be seen as the search for a solution that satisfies these constraints.
The unique characteristic of configuration design is that it is not suitable to determine the shapes and the layout of the function carriers separately because the shape and the layout are closely interrelated. For example, in the design of a machine, configuration design involves determining the shapes of its components and arranging them in the given space; there are strict constraints on the space.
On the other hand, because such processes were often conducted by making a sketch or a physical prototype, they were time-consuming and expensive as soon as the composition of the artifact became complex. Thus, to support configuration design, there have been many studies on optimizing 3D shapes of the function carriers @e.g., Smith et al.~1995!# and on generating their layout within the given space @e.g., Szykman and Cagan~1993!#. However, in many of those studies, two aspects of configuration design, that is, designing 3D shapes and their layout, are handled separately. Due to a countless number of combinations of the layout, the very high degree of freedom of 3D shapes and sometimes lack of constraints, it can be very difficult to solve constraint problems with many function carriers. In addition, in those studies, each problem was treated as a constraint optimization problem~COP!, which aimed at finding only a single optimal solution. However, in the case of configuration design, for the above reason, it can be difficult to generate and determine the best solution that satisfies all constraints. Therefore, most configuration designs should not be viewed as COPs.
Therefore, to support configuration design in this research, it is assumed that a diversity of solutions, which satisfies constraints should be allowed, and it is important to determine 3D shapes and their layout in the same framework so that the designers have the option of selecting from among solutions by presenting variants under tentative constraints. In the process of constraint specification and satisfaction, constraints are refined gradually. To allow such diversity and gradual refinement, we directed our attention to developmental processes in biology and proposed adaptive-growth-type 3D representation based on evolutionary algorithms~EAs!. Recently, there have been many applications of EAs to engineering problems~Dasgupta & Michalewicz, 1997!, and also there have been several studies on embryologies within evolutionary computation~Garis, 1992!. However, these studies dealt mainly with 2D shapes.
The expression "Adaptive-growth-type" means that the shape expressed in the process develops through interaction with an outside environment, like the shape generation of a living organism in the natural world. For example, growth of bones is autonomous, provided the right hormones are present, however, growth of the muscles and tendons are dependent upon bone growth. If for example, the growth of a bone is delayed, so too will be that of the associated muscles and tendons. In this way, the lengths of muscles, tendons, and bones grow, and at the same time, are adapted to each other~Wolpert, 1991!.
With shape representation, by generating shapes through interaction with constraints that represent the environment, it becomes possible to determine 3D shapes and their layout in the same framework. A diversity of design solutions is obtained by changing the environment or by generating the alternatives of the shapes by using genetic operations of EAs. Here, diversity in shape representation means that a variation of shape can be made while still preserving the characteristics of the shape.
From positional signals provided by simple diffusion of chemicals~Wolpert, 1991!, in the development process of the living organism, the cells could "know" how and when to change shape or move. This implies that the cells have the ability to sense their environment and, according to their genetic information, autonomously adapt by changing their shape or function. If the representation mentioned above is achieved at such a level that the shape of each function carrier is autonomously adapted to the environment, as in the case of the living organism, it would be possible to solve the shape and layout problems simultaneously. However, in this study, as a first step toward achieving such results, various solutions have been derived by moderating the constraints of configuration design, and by a search process that adapts and develops various design solutions.
CONFIGURATION DESIGN

Steps of configuration design
Configuration design, in this paper, is defined as developing preliminary shape designs and layouts for main function carriers at the early stage of embodiment design-the design phase in which elaboration of configuration, shapes, sizes, materials, and manufacturing processes are made. In general, the procedure in embodiment design~Pahl & Beitz, 1988; Verein Deutscher Ingenieure, 1987 
Constraints in configuration design
In general terms, each constraint represents a relationship of properties~e.g., of volumes of elements! that should be valid in each consistent combination of the elements. However, when limiting the problem to configuration design, it is clear that these elements are function carriers. Values of outline shape, volume, size, and position are adopted as configuration design constraints that should be consistent among function carriers. Because general configuration designthat is, design not limited to a specific domain or design object-is the topic of our research, these general characteristics are adopted as constraints. The constraints are classified in accordance with the two issues of configuration design, that is, "three-dimensional shape of function carrier" and "layout of function carrier," as follows. In general, the function carriers have physical substances and are designed not to interfere: hence, interference is added as a characteristic to be considered as a constraint in the configuration design. The constraints concerning these two issues of configuration design are called, respectively, "geometrical constraints" and "layout constraints" hereafter.
ADAPTIVE-GROWTH-TYPE SHAPE REPRESENTATION
As explained above, the constraint satisfaction problem in configuration design often becomes extremely difficult. Therefore, it is necessary to allow local optimal solutions and to generate various solutions to leave the designers room for selection. Thus, we directed our attention to developmental processes in biology that realize the diversity of living objects. In nature, the shape and other characteristics of a living organism~phenotype! is determined by the genetic information~genotype! and by the environment. The genotype contains information that is descriptive through the execution of a set of developmental rules and through information, encoded in the developmental process itself: the shape is generated through the interaction with the environment. This brings about diversity in the shapes of the living organisms~Fig. 1! along with the other characteristics.
Shape ϭ f~genetic information, environment!
In this research, the adaptive-growth-type shape representation is adopted for configuration design. In the analogy to biological development, in our representation, a shape is determined by the interaction between the rules of generation and the environment. This representation aims not so much at the precise representation of shape, as usual in current computer-aided design~CAD! systems, but at the generation of various design solutions, that satisfy the constraints in configuration design.
The authors proposed a Shape Feature Generating Process model (SFGP model)~Taura et al., 1998!, based on a similar analogy to biological development. However, in the SFGP model, to produce an independent shape representation, the internal environment of the shape was given as environment. In the case of configuration design, because here each shape is to adapt to the constraints given by two or more other function carriers, the mechanism of adaptation to the external environment should be reconsidered too. Therefore, in this paper, the SFGP model is extended as an adaptive-growth-type 3D representation to make it adaptable to an external environment.
Outline of SFGP model
In the SFGP model, shape generation starts with a primary shape~sphere! and rules are selected and applied according to the position and local conditions, that is, the internal environment of the shape. After a number of generations, a final shape is generated. The cell division model, because it is the basis for our SFGP model, and the new shape generation process are explained briefly below.
Cell division model
In our model, the set of rules consists of rules of the division for a dot~which we call a cell in analogy to biological development! on a sphere. The shape feature generation process is the series for cell divisions. As shown in Figure 2 , in the beginning, there are few cells on the sphere. According to the rules, they divide into two or more cells and spread over the sphere. Consequently, after a number of generations, the cell division results in a distribution of cell density at the surface of the sphere. As Figure 3 illustrates, the shape is derived by processing the density of cells: O is the center of the sphere, d is the density of cells near point A. Density d is converted to a distance from O to a point on the actual surface in the direction of OA. By proportioning the density of cells to the distance to the surface of the shape, the cell division model can display fairly complicated shapes. The positions of points on the sphere where the density is measured are arbitrary, but clearly if more points are set, the resolution of representation of the shape increases.
Shape generation process
However, applying all rules to every single cell on the sphere surface is not only inefficient, requiring an enormous amount of computational time, it also makes it difficult to determine which rules are responsible for the generation of the various design features of the shape.
Therefore, as shown in Figure 4 , the sphere is divided into a certain number of parts and, depending on the location~A, B, C, . . . ! of the cell on the sphere, a group of rules is selected~B!. After the density around the cell is measured, a rule that matches the criterion of the density, that is, the condition in the rule, is applied~Rule B-2! to prompt cell division with parameters specified in the action side of the rules. As shown in Figure 5 , actual sets of rules~classi-fiers! are binary codes with conditions referring to parts of the sphere~A, B, C, . . . !.
After a number of cell divisions, the distribution of the density of cells is measured and converted into a free form shape. Consequently, the shape is generated by applying the set of cell division rules through the classifier system. Figure 6 shows the correspondence between the genotype~set of cell division rules! and the phenotype~shape!.
Extension of SFGP model
As previously mentioned, the SFGP model has been extended to make it adaptable to an external environment. With respect to the two issues of configuration design, the shape can be adapted to the environment of the given space in the following ways:
1. reshapes according to the environment; and 2. repositions the shape, according to the environment.
In this paper, the SFGP model is first extended with taking~1! into consideration.
To begin with, it is necessary to extend the model so that it adapts to the constraint of configuration design because this is one of the elements of the environment of the shape. The same process that determines the generation rule in the SFGP model can be directly applied to the algorithm that satisfies the constraints. While in the SFGP model the evaluation function is the degree of similarity to the shapes given by the designer; here, in the extended model, the evaluation function is the degree of satisfaction of the constraints.
Second, the SFGP model has been extended to adapt to the constraints among function carriers. Constraints between function carriers belong to two categories as described in Section 2. Among the layout constraints, the most related constraint to~1! is the mutual interference among function carriers. For instance, an interference can be canceled if it is possible to grow one of the shapes as shown by the interfering parts in the right side of Figure 7 .
Therefore, the rule that is responsible for making the interfered part is replaced. Because of the characteristics of the SFGP model, it is possible to specify which rules are responsible for the generation of the various features of the shape. The following three techniques are sequentially applied, and the rule is selected if the interference is canceled while the geometrical constraint is still satisfied.
Partial replacement of the rule responsible for the in-
terfering part interacts with other rules. For instance, as shown in Figure 8 , the rule that is responsible for making interfered part is specified in the set of rules of B, and exchanged with a same part of rule in the set of rules of other form with the same evaluation value for its geometric constraint.
2. Replace the whole rule with another rule. For instance, as shown in Figure 9 , the whole set of rules of B is exchanged with the other set of rules that has the same evaluation value. The adaptation of shape is achieved by such strategies of modifying the constraint, that represent the environment. However, no mechanism of repositioning of the shapes have been implemented yet. As an alternative, we have adapted a method that repositions the shape as an external algorithm.
METHODOLOGY FOR SUPPORTING CONFIGURATION DESIGN
Implemented system
A basic strategy is to generate shape gradually by using the adaptive-growth-type shape representation, and to search for the configuration design solution by adapting shapes to the situation of layout in a given space. There is a similarity between this strategy and the work on skeleton-based techniques in which rays from a skeleton are used to determine shapes~Stal & Turkiyyah, 1996!. As shown in Figure 11 , the support system consists of three parts: a geometric constraint solver~GCS!, a layout constraint solver~LCS!, and a configuration design unit CDU!. Each solver searches for configuration design solutions by interaction with the designer. The flow of the constraint satisfaction process is so that in the GCS and the LCS rough solutions are obtained, and the shape and layout are finally adapted by the CDU to each other within the same frame. This means that neither the 3D shape of the function carrier nor the layout are directly generated in parallel, but the outline of the solution of the layout problem is obtained by LCS using genetic algorithms~GAs!~Goldberg, 1989!. The outline shape is obtained by the GCS using adaptivegrowth-type shape representation based on CS. Moreover, possible contradictions between the outlines of the solutions of the two constraint solvers are adjusted by exploiting the ability of generating a diversity of shapes in the same frame for the CDU. Such an approach is impossible with conventional shape representation.
Configuration design solution generation algorithm
In this section, the algorithms, the specific role, and solution generation methods of the three solvers are explained, mainly in terms of the CDU, which plays the center role in the support system.
Geometric constraints solver
The GCS searches for the outline of the solution for the geometrical constraints and obtains a rough shape before the CDU adjusts and generates the design solution. As mentioned previously, the process of finding the generation rule in the SFGP model is directly applied to satisfying the constraints.
Layout constraints solver
The LCS searches for the outline layout that satisfies the layout constraints before obtaining the configuration design solution made by the CDU. Therefore, this solver only deals with the centerpoint of the shape of the function carrier, and from this centerpoint, the shape obtained by the GCS is generated. This solver is based on a similar technique in layout design of VLSI chips~e.g., Schnecke & Vornberger, 1996 ! and utilizes GAs.
Configuration design unit
After the outline shape of the function elements and the positions of the outline are obtained by the two solvers, as discussed above, the configuration design solution is generated using this configuration design unit.
The algorithm for the CDU is used not to achieve constraint satisfaction, but to integrate the outline of the solutions generated by the two solvers and to determine 3D shapes and their configuration layout in the same framework. Here, searching in the "same framework" means that a design solution is generated by searching for a point of compromise and correcting the contradictions-if there are any-between the outline of the solutions that were generated by the GCS and the LCS in one framework within the CDU.
Each step is explained with reference to the numbers in Figure 12 as follows. In Figure 12 -~1!, the centerpoints of the function carrier generated by the LCS are obtained @Fig. 13-~1!.#.
Next, a shape is generated by centering on coordinates obtained in~1!, as shown in Fig. 13 -~2!. The shape is gradually generated without any further operations because there is no interference between function carriers in this step @Fig. 12-~2!,~3!#.
As shown in Figure 13 -~3!, as a shape is generated, the adjoining function carriers interfere and an overlapping region arises. In this case, as shown in Figure 12 -~4!,~5!,~6!, the adjustment of the generation rules and the repositioning of the centerpoints of interfered shapes take place in the same framework.
As shown in Figure 14 , the positions of centerpoints of interfered shapes A and B are adjusted by moving them in the directions of < N A and < N B~F ig. 14, left!. The distance of movement is defined as,
where V i is the volume of the common region. The layout constraint is concerned with the positional relationship between all function carriers involved. Therefore, after moving the positions of the centerpoints of just two function carriers in the directions of < N A and < N B , in most cases, the overall positional relationship among the function carriers, including those two that were actually moved, may not satisfy some criteria of the layout constraint any more. Thus, it is necessary to readjust the centerpoints of each function carrier again after moving some of them.
Therefore, the center positions are readjusted so that they satisfy the constraints again~Fig. 14, right!. At the same time, adjustment of the rules of the shape takes place, as described in the foregoing section~Fig. 12!.
After these processes, configuration design solutions are obtained in the CDU through the correction of the contradictions between the shape and its layout and they are presented to the designer. The designer observes and examines the solutions, and if the designer accepts them, the configuration design process is finished. If the designer accepts none of them, s0he modifies the constraints of the GCS or the LCS and the process repeats. In this way, the configuration design proceeds with interaction between the support system and the designer, and eventually, a configuration design solution can be obtained. 
PROTOTYPE SYSTEM FOR SUPPORTING CONFIGURATION DESIGN
Configuration of the system
The prototype of the supporting system is based on our method for configuration design as explained in the preceding sections. Figure 15 shows the overall configuration of the system. This system has been implemented using Cϩϩ on a Sun Workstation. It consists of five parts: the constraint specification unit, the configuration design unit, the constraint solver, the user interface, and the geometry engine.
Application to configuration design of a satellite design
Configuration design in satellite design
In most cases of configuration design, the task and the specification of the design object are already determined before this step of the design process. In satellite design, it is called the "mission," which is the purpose of the satellitẽ e.g., weather observation, communication, etc.!. After the mission is given, the configuration design is made as follows.
1. assume externals of the satellite according to the installed mission equipment;
2. distribute functions necessary for accomplishing the mission, and determine the specifications of each component, and assume the size of the equipment;
3. identify embodiment-determining main function carriers in each component;
4. develop preliminary layout; and 5. select suitable preliminary layout as a result of the examination.
After finishing the configuration design, the designer moves to a detailed embodiment design.
Example
In configuration design of a satellite, because reliability is the most important issue, components are selected from among those in a catalog. However, despite the required reliability of the satellite, the fuel tank may have a comparatively high degree of freedom in the shape and is usually newly designed for each satellite because it has little influence on reliability. Therefore, this example focuses on the application of our configuration design method to determining the outline shape of the fuel tank, as it is obtained by considering its volume, and the outline space of the installation and the layout of each component. External constraints of the satellite, as determined from the payload of the mission and the launch rocket, are shown in Figure 16 . 
Layout constraint.
The layout constraints concern the layout of the main components as follows:
• Communication system a Power supply system: these elements should be close to make the cord short.
• Power supply system a Fuel tank: these elements should be close so that heat generated by the power supply system will prevent freezing of the fuel.
• Put similar systems close to each other to make the cord short.
• Equipments such as Power supply system and the Posture control system which generate heat can be arranged neither on the earth side of the satellite nor on the side of the mission equipment because the sides are not suitable for radiation of heat.
Select preliminary layout.
After obtaining the outline shapes of components~using GCS!, layouts of components are generated by the LCS. Figure 17 shows an example of the output of the LCS. The straight lines connecting components show that there is a constraint relation of the relative positions of the components.
Subsequently, generation of configuration design solutions was attempted by correcting the discrepancies between the outline solutions as generated by the GCS and the LCS. Figure 18 shows the process of adjustment. Adjustment of the generation rules and the repositioning of the centerpoints of interfering shapes are also performed.
Thus, shape is generated by adjusting the two components of configuration design in the same shared framework, and the configuration design solution is obtained when the generation of shapes is completed. Figures 19 and 20 show horizontal and vertical sections of the solution and outline shape of the fuel tank, respectively. Figure 21 shows the variations of configuration design solutions. Table 1 shows the evaluation value of each type of constraints-layout and geometric constraints, the maximum dimensions, and volume of the fuel tank in each configuration design solution. Solution 1 has the best evaluation value for each constraint and has the volume that is also close to the given constraint. The maximum dimensions show that even each solution has similar volume, each of the maximum dimensions are quite different, especially on the Z axis. This means that the solutions are, in fact, diverse.
As shown in the above figures, it is confirmed that the configuration design solutions generated by these processes show a diversity of preliminary layouts. Moreover, it can be confirmed that the fuel tank has the required volume and does not interfere with other components.
After examining and verifying these solutions, the designer may take further constraints into consideration, and proceed with the detailed embodiment design.
Examples of the results were presented to the designer of the satellite and he had comments as follow:
• the shape and layout of the fuel tank of the best solution~solution 1! would be acceptable, but layout of other components, such as battery and BCCU should be refined further;
• there are a number of constraints which are more important than geometrical constraints or layout constraints, such as weight balance and strength of materials; and
• it is nice for designers to be able to see other candidate solutions. It is similar to seeing the solutions designed by some other designers.
CONCLUSIONS AND FUTURE DIRECTIONS
This paper proposes a new approach to determine 3D shapes and their layout in the same framework, by adaptive-growthtype 3D representations that are able to generate a diversity of shapes. The usefulness of the representation was verified by applying it to the component layout problem in the early stage of satellite design: 3D shapes and layout could be handled in the same shared framework, and a diversity of configuration design solutions was generated. Future directions include an implementation where the mechanism of adapting the layout to the environment, the shape representation itself, and three units, that is, GCS, LCS, and CDU are integrated. Now we are developing a methodology to solve the shape and layout problems simultaneously by extending the adaptive-growth-type 3D representation with the implementation of a mechanism that deals with the layout and the relation between function carriers. 
